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Ninjurin, a Novel Adhesion Molecule,
Is Induced by Nerve Injury
and Promotes Axonal Growth
Toshiyuki Araki and Jeffrey Milbrandt be dependent on the axon itself, as many of them are
reversed as the axon regenerates. For instance, p75Division of Laboratory Medicine
expression is down-regulated in Schwann cells adjacentDepartments of Pathology and Medicine
to the regenerating axon (Taniuchi et al., 1988) and inWashington University School of Medicine
Schwann cells cocultured with neurons (Tomaselli et al.,St. Louis, Missouri 63110
1986; Fallon, 1985). In contrast, the expression of myelin
proteins such as P0 and PMP-22 increases as the axon
regenerates and remyelination ensues (White et al.,Summary
1989; Snipes et al., 1992).
In the present report, we describe the identificationPeripheral nerve injury results in axonal degenera-
via differential hybridization techniques of a rat gene,tion and in phenotypic changes of the surrounding
ninjurin, that is dramatically up-regulated in the distalSchwann cells, whose presence is critical for nerve
segment of the sciatic nerve following transection orregeneration. Using differential screening strategies,
crush injuries. Ninjurin is expressed at low levels in nor-we identified a novel protein, termed ninjurin (for nerve
mal sciatic nerve, but its expression in Schwann cellsinjury–induced protein), that is up-regulated after axo-
increases in response to nerve injury, with peak levelstomy in neurons and in Schwann cells surrounding the
of expression occurring 7–14 days after injury. Immuno-distal nerve segment. Ninjurin is located on the cell
histochemical and surface labeling experiments showedsurface, is capable of mediating homophilic adhesion,
that ninjurin is located on the cell surface. Aggregationand promotes neurite extension of dorsal root gan-
assays using Jurkat cells transfected with ninjurin dem-glion neurons in vitro. Ninjurin is also expressed in a
onstrated that ninjurin is a novel adhesion protein. Afternumber of other tissues, predominantly in epithelial
sciatic nerve transection, ninjurin expression is also up-cells. These results suggest that ninjurin plays a role
regulated in dorsal root ganglion (DRG) neurons. Ninjurinin nerve regenerationand in the formation and function
is then anterogradely transported through the axon andof other tissues.
accumulates at the site of injury, suggesting that it may
be involved in cellular adhesive interactions critical for
Introduction axonal regeneration. Consistent with this idea, we ob-
served an increase in neurite outgrowth from DRG neu-
A distinguishing characteristic of the peripheral nervous rons when they were grown on Chinese hamster ovary
system (PNS), as opposed to the central nervous system (CHO) cells expressing high levels of ninjurin.
(CNS), is its capacity for axonal regeneration after injury.
The environment in which PNS axons regenerate con- Results
sists of Schwann cells and their basal laminae, fibro-
blasts, collagen, degenerating myelin, and phagocytic Isolation and Nucleotide Sequence Analysis
cells (Fawcett and Keynes, 1990; Bunge and Griffin, of cDNA Clones Encoding Ninjurin
1992). Among these components, Schwann cells are To identify genes regulated in Schwann cells by nerve
indispensable for axonal regeneration, as evidenced injury, a cDNA library was prepared from pooled mRNA
by the reduction in axonal growth when live Schwann samples collected from the distal stump of sciatic
cells are removed from the area of injury (Hall, 1986). nerves harvested 16 hr, 3 days, and 7 days after axo-
Conversely, when transplants consisting of cultured tomy. To enrich for cDNA clones whose mRNAs are up-
Schwann cells and their associated extracellular matrix regulated in response to axotomy, a subtracted library
are introduced into a lesion in the CNS, axonal regenera- was generated by hybridization with biotinylated RNA
tion and subsequent reinnervation are facilitated, clearly synthesized from an intact sciatic nerve cDNA library
indicating the unique role of Schwann cells in promoting (see Experimental Procedures) and screened via differ-
nerve regeneration (Aguayo, 1985; Benfey and Aguayo, ential hybridization using 32P-labeled cDNA prepared
1982; Richardson et al., 1980). from either intact or injured sciatic nerve RNA. This
Following axonal interruption due tonerve injury, rapid screen resulted in the identification of a cDNA clone
changes in the synthesis of myelin components occur, which corresponded to an mRNA that was induced in
such as marked decreases in myelin lipid synthesis response to nerve injury. The nucleotide sequence of
this clone (and additional clones) as well as 59 end RACE(White et al., 1989) and diminished expression of the
amplification products (Figure 1) revealed a cDNA thatmajor myelin proteins (Trapp et al., 1988). There are also
was 1142 nt in length, in good correspondence with thea number of proteins whose expression is increased in
1.1 kb size estimated for the ninjurin mRNA (Figure 2).Schwann cells of the distal stump after nerve injury,
The sequence of this cDNA, which we have named nin-including neurotrophic factors, cell surface molecules
jurin (for nerve injury–induced protein), contains an openlike p75 NGF receptor (Taniuchi et al., 1988), and cell
reading frame of 152 amino acids that predicts a 16.3adhesion molecules L1, N-cadherin, and N-CAM, that
kDa protein.are important for neurite outgrowth on Schwann cells
in vitro (Martini and Schachner, 1988; Bixby et al., 1988; The ninjurin sequence was used to search the nonre-
Rieger et al., 1988). Most of the changes in Schwann dundant nucleotide and amino acid sequence data-
bases, but no homology to other proteins was detected.cell phenotype in response to nerve injury appear to
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Analysis of potential structural motifs of ninjurin using
computer programs that predict hydrophobicity (Kyte
and Doolitttle, 1982), protein localization sites (Nakai
and Kanehisa, 1992), and protein secondary structure
(Rost et al., 1995) predict two possible transmembrane
domains (residues 72–100, and 118–139). A peptide ho-
mology search restricted to these regions demonstrated
limited similarity to ligand-gated ion channel receptors
(Altschul et al., 1990). The amino-terminal region of nin-
jurin, which is predicted to be outside of the cell from
this analysis, is generally hydrophilic and contains one
putative N-glycosylation site. No signal sequence is
present, nor are there other sequence motifs indicative
of a specific function or intracellular location.
Ninjurin Expression Is Up-Regulated
after Sciatic Nerve Injury
To investigate the expression pattern of ninjurin after
sciatic nerve axotomy, RNA was isolated from the distal
segments of the transected nerve as well as the intact,
contralateral nerve (control) at selected times after sur-
gery. ninjurin mRNA levels were very low in uninjured
sciatic nerve, but were dramatically up-regulated in the
segment distal to the injury (either transection or crush)
Figure 1. Sequence Analysis of Rat ninjurin cDNA (Figure 2A). ninjurin mRNA was detected within 3 hr after
Nucleotide and deduced amino acid sequence of rat ninjurin. The injury and reached peak levels 7–14 days after the injury.
nucleotide sequence is numbered to the right. The deduced amino ninjurin mRNA levels remained elevated for up to 56
acid sequence is shown in single letter code above the nucleotide
days posttransection, whereas after crush injury, whichsequence. The potential transmembrane domains are underlined.
permits axonal regeneration, ninjurin expression re-
turned to a low level by day 28. These changes in ninjurin
Figure 2. Ninjurin Expression Is Up-Regulated in Rat Sciatic Nerve after Injury
(A) Total RNA (10 mg) from sciatic nerve distal to the injury after transection (a) and crush (b) was electrophoresed, blotted, and hybridized
with a 32P-labeled ninjurin cDNA probe. The ethidium bromide staining pattern of the 28S ribosomal RNA is shown to demonstrate the quantity
of RNA loaded.
(B) Normal nerve (a and b) and distal nerve segment 7 days after transection (c and d). Histochemical analysis using hematoxylin–eosin
staining (a and c) and in situ hybridization using a 33P-labeled ninjurin RNA probe (b and d).
(C) Affinity-purified anti-ninjurin antibodies were used to detect ninjurin in nerve tissues (a, normal; b–e, 7 days after injury). Normal nerve (a);
nerve segment proximal to the site of transection (b; arrowheads denote the neuroma at the end of the proximal segment); nerve segment
distal to the site of transection (c; low magnification); nerve segment distal to the site of transection (d; high magnification). In (e), the section
adjacent to (d) was stained with antibodies to the Schwann cell marker S100. Note the similarity of the staining pattern in (d) and (e) indicating
that ninjurin is expressed in Schwann cells distal to the site of injury. Also note that ninjurin immunoreactivity is restricted to the proximal
neuroma in (b). Scale bar in (c) represents 150 mm for (a)–(c); scale bar in (e) represents 50 mm for (d) and (e).
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expression after nerve injury were confirmed by in situ
hybridization analysis on nerves (transected versus in-
tact contralateral) harvested 7 days after axotomy. nin-
jurin mRNA was detected throughout the distal segment
and at the end of the proximal segment (i.e., proximal
neuroma), whereasno signal was observed in the normal
sciatic nerve (Figure 2B).
To define further the ninjurin expression pattern after
nerve injury, an immunohistochemical analysis was per-
Figure 3. Ninjurin Is Located on the Cell Surfaceformed using affinity-purified ninjurin-specific antibod-
Radioiodination of cell surface proteins was performed using Bol-ies raised against a peptide derived from the amino
ton–Hunter reagent and 125I in both native CHO cells and CHO cells
terminus (amino acids 1–15). Ninjurin immunoreactive stably transfected with CMV–ninjurin vector. Protein lysates were
cells were detected within the proximal neuroma and in incubated with the respective antisera, the immunoprecipitated pro-
thenerve segmentdistal to the siteof transection (Figure teins were collected onto Sepharose beads coated with protein A
and electrophoresed through a 12% SDS–polyacrylamide gel, and2C). The ninjurin-positive cells were arranged in a paral-
radiolabeled proteins were visualized by autoradiography. Lane 1,lel linear array, characteristic of the Schwann cells and
anti-ninjurin antibodies with lysate from CHO cells stably transfectedtheir basal lamina (bands of Bungner) that are formed
with pCMV–ninjurin; lane 2, anti-ninjurin antibodies with lysate from
after degeneration of the axons and prior to their re- native CHO cells; lane 3, preimmune serum with lysate from CHO
growth. Proximal to the transection site, Schwann cells cells; lane 4, anti-phospholipase Cg1 MAb with lysate from CHO
did not contain significant amounts of ninjurin, except cells. In lane 5, lysate from CHO cells stably transfected with pCMV–
ninjurin metabolically labeled with [35S]methionine was immunopre-in the neuroma formed at the transection site where
cipitated as above using the anti-phospholipase Cg1 antibody inimmunoreactivity was as intense as in the distal nerve
order to demonstrate its efficacy. Note that ninjurin is denoted bysegment. The identity of the ninjurin-expressing cells as
an arrowhead (lane 1) and phospholipase Cg1 by an arrow (lane 5).
Schwann cells was confirmed by performing immuno-
histochemistry with antibodies to the Schwann cell
was detected with the anti-phospholipase Cg1 antibody;marker S100 and demonstrating a similar pattern of
however, these antibodies effectively precipitated phos-staining.
pholipase Cg1 from [35S]methionine-labeled cells (laneIn addition to ninjurin expression in Schwann cells,
5). These results indicate that the 125I labeling proto-RNA blot analysis revealed the presence of moderate
col did not label intracellular proteins and, therefore,levels of ninjurin transcripts in a variety of adult rat tis-
strongly suggest that ninjurin is associated with thesues, including liver, thymus, heart, adrenal gland, and
plasma membrane.spleen, and lower levels were detected in brain and
DRG. Additional immunohistochemical analysis con-
Ninjurin Mediates Cell Adhesionfirmed that ninjurin is expressed in a wide variety of
via Homophilic Bindingtissues in the adult rat (data not shown). In the adult
The cell surface localization of ninjurin combined withCNS, cells with a morphology consistent with that of
its expression in glia after nerve injury and its expressionastrocytes were stained with anti-ninjurin antibodies,
in epithelial cells in a number of tissues suggested tobutno neuronal staining was observed (data not shown).
us that it might be involved in cellular adhesion. ToDual label immunohistochemistry using antibodies di-
test whether ninjurin mediates adhesive interactions,rected against glial fibrillary acidic protein (GFAP) and
we performed a commonly employed cell aggregationagainst ninjurin confirmed that ninjurin is expressed pre-
assay using Jurkat T cell leukemia cells (Shimizu et al.,dominantly by astrocytes (data not shown).
1990). Jurkat cells were transfected with either CMV–
ninjurin or nonrecombinant CMV expression plasmids,
and clonal lines were selected. Protein blot analysis wasNinjurin Is a Cell Surface Molecule
From our immunohistochemical analysis, it appeared used to demonstrate that ninjurin is expressed in cells
transfected with CMV–ninjurin, but is absent or presentthat ninjurin was localized to the cell surface, suggesting
that ninjurin is either a membrane protein or possibly at very low levels in native Jurkat cells (data not shown).
Incubation of ninjurin-expressing cells resulted in thea secreted factor that adsorbs to the cell surface or
extracellular matrix. This idea was further supported by formation of large aggregates that were readily demon-
strable after 1 hr, whereas thecontrol Jurkat cells formedthe demonstration that ninjurin synthesized by trans-
fected CHO cells was present in the cell lysate, but not only a few small aggregates (Figure 4A). We further ex-
plored the adhesive properties of ninjurin, by examiningin medium conditioned by these cells (data not shown).
To demonstrate directly that a portion of the ninjurin its effects on a nonlymphocytic cell type such as CHO
cells. CHO cells expressing ninjurin were obtained bymolecule is located outside of the cell, we labeled live
ninjurin-expressing CHO cells with 125I using the Bolton– transfection and these, along with control CHO cells,
were agitated on a rotary shaker. A decrease in theHunter reagent under conditions that selectively label
proteinson the cellsurface (Thompson et al., 1987). After number of particles with time was observed with the
transfected cells, indicating the formation of larger ag-labelingthe cells, immunoprecipitations were performed
with ninjurin-specific antibodies as well as with antibod- gregates with ninjurin-expressing cells (data not shown)
(Takeichi, 1977). These results provide further supporties directed against the intracellular protein phospholi-
pase Cg1 (Figure 3). The anti-ninjurin antibodies precipi- that ninjurin is involved in cellular adhesion as its effects
are observed in multiple cell types.tated an intensely labeled 22 kDa protein. No signal
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Figure 4. Ninjurin Mediates Homophilic Adhesion
(A) Aggregation of Jurkat cells stably expressing ninjurin. Native Jurkat cells (a) and Jurkat cells stably transfected with pCMV–ninjurin
expression vector (b) were resuspended at 1 3 106 cells/ml in RPMI 1640 medium containing 10% FCS and allowed to aggregate at 378C for
1 hr. Note the presence of large aggregates in (b). Aggregation experiments with Jurkat cells stably transfected with CMV–ninjurin expression
vector (stained with red fluorescent dye) (c), native Jurkat cells (stained with green fluorescent dye) (d), or a mixture of the two cell types (1:1
ratio) (e). The aggregates in (e) are primarily composed of red/orange (ninjurin-positive) cells. Note that the difference in the cell color is due
to the double exposure used in (e).
(B) Ninjurin is expressed in cultured SCG neurons. Immunohistochemical analysis of SCG primary cultures using anti-ninjurin antibodies
visualized using Cy3-conjugated anti-rabbit IgG (a and c) or anti-neurofilament H MAb visualized using FITC-conjugated anti-mouse IgG (b
and d). Note that in addition to the colocalization of ninjurin and neurofilament H staining observed on neurons, Schwann cells present in the
culture (denoted by arrows) are also ninjurin positive (a), but lack neurofilament H staining (b).
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Figure 5. Ninjurin Expression Is Up-Regu-
lated and Anterogradely Transported in Neu-
rons after Nerve Transection
Affinity-purified anti-ninjurin antibodies were
used to detect ninjurin in DRG neurons taken
from nontransected sciatic nerve (a), or sci-
atic nerve 1 day after transection (b). Arrows
denote satellite cells in (a) and (b). Scale bar
represents 100 mm.
Accumulation of ninjurin immunoreactivity
proximal to the ligature 1 day after the sciatic
nerve was ligated, but not transected (c) or
the sciatic nerve was ligated, and 5–8 mm
distal to the ligation site, the nerve was tran-
sected (d). Note the dramatic increase in nin-
jurin staining proximal to the ligature in the
transected nerve. Arrows denote the site of
ligation, and P denotes the proximal portion
of the nerve. Scale bar indicates 100 mm.
To determine whether adhesion mediated by ninjurin sciatic nerve transection. Immunohistochemistry re-
vealed that ninjurin was detectable 1 day after nerveoccurs via homophilic binding, we performed aggrega-
tion experiments on mixtures of transfected and non- transection in the DRG neuronal cell bodies (Figure 5).
Ninjurin expression was not detected in DRG neuronstransfected Jurkat cells that were differentially stained
with fluorescent dyes. Equal amounts of ninjurin-posi- from the contralateral uninjured side, suggesting that
neuronal synthesis of ninjurin is induced by axotomy.tive cells (colored red) and control cells (colored green)
were mixed together, and the resulting aggregates were We next tested whether ninjurin was anterogradely
transported down the axon. For this purpose, the sciaticexamined by fluorescence microscopy. The aggregates
consisted predominantly of red-orange, ninjurin-posi- nerve was ligated, and 5–8 mm distal to the ligation site,
the nerve was transected. As a control, sciatic nervestive cells, with some nontransfected cells adhering to
the surface (Figure 4A). None of the aggregates were were ligated, but no axotomy was performed. After 1
day, the nerves were harvested, and ninjurin was de-composed primarily of nontransfected cells, nor did we
observe aggregates with a mosaic pattern of the two tected using immunohistochemistry. Ninjurin staining
was intense proximal to the ligation site in the nervecell types.
The demonstration that ninjurin can mediate adhesion that had been transected (Figure 5), suggesting that
ninjurin had been transported down the axon. In con-via homophilic binding encouraged us to investigate its
expression on neurons, as it may play an important role trast, only a minor amount of ninjurin staining was ob-
served around the ligation site in the nontransectedin nerve regeneration. We therefore examined cultures
of sympathetic neurons dissected from the superior cer- nerve, presumably representing a local response to the
ligation itself. Taken together, these results indicate thatvical ganglia (SCG) of E21 rat pups. After culturing the
neurons for 5 days in NGF and anti-mitotic agents (to ninjurin is up-regulated in neurons after nerve injury and
is subsequently anterogradely transported to the siteremove non-neuronal cells), immunohistochemical anal-
ysis was performed using either anti-ninjurin or anti- of injury, where ninjurin is also expressed by Schwann
cells.neurofilament H antibodies (Figure 4B). The pattern of
staining for these two molecules is very similar, with
intense immunoreactivity present in the cell bodies and Ninjurin Promotes Neurite Outgrowth from DRG
extending out into the axonal projections. The colocali- Neurons Cultured In Vitro
zation of ninjurin with neurofilament H, along with the To test directly whether ninjurin can promote neurite
detection of ninjurin immunoreactivity in the neuronal outgrowth, we examined DRG neuron/CHO cell cocul-
projections, indicates that ninjurin is present in locations tures as previously used to analyze promotion of neurite
where ninjurin homophilic binding could occur between outgrowth by neuronal F3 glycoprotein (Gennarini et al.,
Schwann cells and neurons. 1991) and N-CAM (Doherty et al., 1989). DRGs from E17
rat embryos were dissected, dissociated, and plated at
low density onto confluent monolayers of either CHONinjurin Is Expressed by DRG Neurons after Injury
and Is Transported to the Site of Injury cells expressing ninjurin or control CHO cells; 6 hr after
plating, cells were fixed and stained with antibodies toTo promote nerve regeneration via homophilic binding,
ninjurin must be expressed by neurons as well as neurofilament H to visualize the neurites. Representative
photomicrographs of these cultures demonstrate an in-Schwann cells after nerve injury. To examine this possi-
bility, ninjurin expression was examined in the DRG after crease in neurite outgrowth from neurons cultured on
Neuron
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Figure 6. Ninjurin Increases Neurite Exten-
sion in Primary Cultures of DRG Neurons
DRG neurons from E17 rat embryos were
seeded onto monolayers of control CHO cells
(a) or CHO cells expressing ninjurin (b); 6 hr
later, the cells were fixed and neurites were
visualized by immunohistochemistry with
anti-neurofilament H antibodies. Note the in-
creased length of the neurites in (b). Scale
bars represent 200 mm. Neurite length was
quantitated by measuring neurites from ap-
proximately 50 neurons grown under each
condition in three independent experiments
(see Experimental Procedures). Error bars
represent the standard deviations.
CHO cells expressing ninjurin (Figure 6). To quantitate by immunoprecipitation with anti-ninjurin antibodies of
radioiodinated membrane surface proteins. Immunohis-this effect, approximately 50 neurons were randomly
tochemical analysis demonstrated that ninjurin was ex-selected from each growth condition, and the length
pressed in a variety of tissues, predominantly by epithe-of the longest neurite per neuron, which did not have
lial cells. This led us to examine whether ninjurin mightcontacts with nearby neurons, was measured (for de-
be an adhesion protein. Aggregation assays were usedtails, see Experimental Procedures). The results from
to demonstrate that ninjurin is capable of mediatingthree independent experiments are shown (Figure 6).
cellular adhesion by a homophilic mechanism.Neurons grown for 6 hr on CHO cells expressing ninjurin
The demonstration that ninjurin is expressed byhad neurites with an average length of 569 6 134 mm,
Schwann cells surrounding the distal segment of thewhereas neurites from neurons grown on control CHO
transected nerve is interesting as neuronal regenerationcells were297 6 104 mm in length. These results indicate
is known to require the participation of Schwann cells.that ninjurin promotesan increase in the extentof neurite
Schwann cells grown in vitro provide an excellent sub-outgrowth.
strate for promoting neurite outgrowth (Tomaselli et al.,
1986; Fallon, 1985), and implants of peripheral nerveDiscussion
segments containing live Schwann cells into the CNS
effectively promote axonal regeneration (Richardson et
In this report, we have described the identification and
al., 1980; Aguayo, 1985; Benfey and Aguayo, 1982). Fol-
characterization of ninjurin. Ninjurin was identified using lowing injury to a peripheral nerve, the nerve segment
differential hybridization and was demonstrated to be
distal to the injury degenerates and Schwann cellswithin
dramatically up-regulated in the distal segment and the distal nerve stump begin to proliferate and undergo
proximal neuroma of the transected sciatic nerve. nin- dramatic phenotypic changes, as evidenced by down-
jurin mRNA is detected in Schwann cells surrounding regulation of myelin proteins like P0 and PMP-22 and the
the degenerating axons within hours after the injury, and reexpression of cell surface recognition proteins (e.g.,
its presence persists for many weeks. The rat ninjurin N-CAM and p75 NGF receptor). These phenotypic
cDNA encodes a novel protein of 152 amino acids with changes appear to be necessary for axonal regenera-
a calculated molecular weight of 16.3 kDa that is unre- tion, as little axonal growth occurs from a proximal nerve
latedto other characterized proteins. Sequence analysis stump that has been surgically connected to a second
of ninjurin predicts that it contains two transmembrane proximal stump (Daniloff et al., 1986; Martini, 1994).
domains, suggesting that it may be a membrane protein; The demonstration that ninjurin can function as an
however, it does not contain a cleavable signal peptide adhesion molecule is intriguing because the role of ad-
sequence. This classifies ninjurin as a type 3b mem- hesive proteins in nerve regeneration has been exten-
brane protein (Singer, 1996), a group that includes rho- sively documented (Martini, 1994; Brodkey et al., 1993).
dopsin and the b-adrenergic receptor. Confirmation that The expression of a number of adhesion proteins is
a portion of ninjurin was located extracellularly, either elevated after nerve injury, including N-CAM and L1,
because it is a transmembrane protein or because it is which are thought to be involved in forming a suitable
substrate for the extension of the regenerating axons.associated with the extracellular matrix, was obtained
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proximal neuroma and distal segment). The RNA templates wereThe time course of this up-regulation is similar to
used to synthesize cDNA as previously described (Gubler and Hoff-what has been observed for ninjurin (Daniloff et al.,
man, 1983). The cDNAs were cloned into EcoRI–NotI-digested1986; Martini, 1994). Interestingly, the levels of ninjurin,
lZAPII phage arms; the phage was packaged in vitro (Gigapack
N-CAM, and L1 each return to normal more rapidly after Gold; Stratagene) and used to infect Escherichia coli XL-1 Blue
a crush injury than after transection, in accord with the strain (Stratagene). A subtracted injured nerve library was obtained
using a minor modification of a previously described method (Ru-more rapid and complete recovery observed after nerve
benstein et al., 1990). The subtracted library was differentiallycrush (Daniloff et al., 1986). Direct support for the role
screened by hybridizing with 32P-labeled first-strand cDNAs pre-of adhesion proteins in promoting neurite outgrowth has
pared by reverse transcription of poly(A)1 RNA extracted from eithercome from the demonstration that neutralizing antibod-
distal portion of the transected sciatic nerve (7 days after transec-
ies to L1 and N-cadherin inhibit Schwann cell stimulated tion) or sciatic nerves of the contralateral side (control) as previously
neurite outgrowth from peripheral motor neurons (Seil- described (Maniatis et al., 1982). Plaques that gave a signal of differ-
ential intensity between the two probes were replated and re-heimer and Schachner, 1988). However, these studies
screened with the same probes, and clones corresponding toalso suggest that additional molecules are also impor-
mRNAs that are differentially regulated in normal versus injuredtant, as no single antibody or combination of antibodies
nerve were identified.was capable of totally eliminating process outgrowth. In
Three additional ninjurin cDNA clones were obtained by screening
the case of L1 and N-cadherin, homophilic interactions the injured nerve cDNA library with the 32P-labeled fragment from
between molecules present onneuronal outgrowths and the initial cDNA clone. The 59-terminal end of the ninjurin cDNA
was obtained using the RACE (rapid amplification of cDNA end)Schwann cells are likely to be responsible for their
technique using the 59-AmplifinderRACE kit (Clontech) with RNAgrowth promoting effects (Lemmon et al., 1989; Takei-
prepared from distal sciatic nerve 3 days postaxotomy and oligonu-chi, 1991).
cleotides corresponding to nucleotides 117–143 and 177–201 ofNinjurin is also likely to play a role in nerve regenera-
the ninjurin cDNA sequence. The nucleotide sequence of multiple
tion via homophilic interactions. In addition to its expres- ninjurin cDNA clones was determined for both strands using a model
sion by Schwann cells, it is also expressed by neurons, 373 automated sequencer (Applied Biosystems).
as demonstrated by its increased expression in DRG
Analysis of RNA Expression Patternsneurons after nerve transection and its subsequent ac-
Total RNA was prepared from tissues, and samples (10 mg) werecumulation proximal to the site of nerve ligation. Ninjurin
electrophoresed on 1% agarose/formaldehyde gels and blottedimmunoreactivity is also detected in the proximal neu-
onto nylon membranes as previously described (Chomczynski and
roma, as well as on axons of cultured SCG neurons. Sacchi, 1987). Membranes were probed with a 32P-labeled fragment
Coculture experiments with DRG neurons and CHO cells of the ninjurin cDNA. In situ hybridization histochemistry was per-
expressing ninjurin showed that ninjurin enhances neu- formed using 33P-labeled antisense or sense RNA probes tran-
scribed from the ninjurin cDNA (nucleotides 518–1026) on freshrite outgrowth in a manner comparable to that described
frozen tissue samples as previously described (Wanaka et al., 1990).for F3 glycoprotein, N-CAM, or L1 (Gennarini et al., 1991;
Bixby et al., 1988; Seilheimer and Schachner, 1988).
Generation and Analysis of Antibodies to NinjurinThus, ninjurin may have additional or synergistic effects
A synthetic peptide containing an amino-terminal cysteine and nin-
on the neurite growth promoting effects of these mole- jurin residues 1–15 was conjugated to keyhole limpet hemocyanine
cules. In addition, weak ninjurin immunoreactivity was using either glutaraldehyde or m-maleimidobenzoyl-n-hydroxysuc-
observed in embryonic DRG neurons, suggesting that cinimide ester. The conjugate proteins were used to immunize rab-
bits following standard procedures (Cocalico), and anti-ninjurin anti-ninjurin may play a role during neuronal development
bodies were purified by chromatography over an affinity columnas well as in nerve regeneration. Finally, it should be
in which the peptide was linked to SulfoLink Gel (Pierce) per thenoted that the participation of ninjurin in homophilic
instructions of the manufacturer. Protein blot analysis was per-
binding does not exclude the possibility that ninjurin formed as previously described (Lee et al., 1995). Immunohisto-
may also be involved in heterophilic interactions as well. chemical analysis of rat tissues was performed on 15 mm sections
of 4% paraformaldehyde-fixed tissues using standard methods. The
purified anti-ninjurin antiserum was used at a 1:2500 dilution, andExperimental Procedures
specific staining was detected with indocarbocyanine (Cy3)-conju-
gated anti-rabbit IgG (Jackson Lab).Animals and Surgical Procedures
All surgical procedures followed the NIH guidelines for care and use
of laboratory animals at Washington University. Male Sprague– Cell Culture and Transfection
Dawley rats (200–300 g) were anesthetized, and the right sciatic CHO cells were cultured in F-12 medium supplemented with 10%
nerve was injured at the hip level either by transection or by com- fetal calf serum (FCS). T cell leukemia cells (Jurkat) were grown in
pressing the nerve with forceps for 30 s (crush). The contralateral RPMI 1640 with 10% FCS. The expression vector pCMV–ninjurin
nerve was exposed, but left uninjured (control). After the indicated was constructed by inserting the ninjurin cDNA into the plasmid
length of time, the animals were euthanized and either perfused pCMVneo (Brewer, 1994). The pCMVneo or pCMV–ninjurin plasmids
with 4% paraformaldehyde/phosphate buffered saline (PBS) for im- was transfected into CHO cells via calcium phosphate precipitation
munohistochemical analysis or decapitated for immediate collection and into Jurkat cells via electroporation. Stable transfectants were
of tissues for RNA isolation or in situ hybridization analysis. For selected by growth in medium containing G418 (400 mg/ml), and
nerve ligation experiments, the nerve was tightly ligated at the level individual clones were isolated by limiting dilution. Primary cultures
of the hip using a 4-0 nylon suture. When indicated, the nerve was of sympathetic neurons from SCG were prepared by dissecting
transected 5–8 mm distal to the ligation site. tissue from E20–21 rat embryos as previously described (Martin et
al., 1988). Primary cultures of neurons from DRGs were prepared
from E17 rat embryos as previously described (Eichler and Rich,Construction and Screening of Sciatic Nerve cDNA Libraries
Two rat sciatic nerve cDNA libraries (normal versus injured) were 1989). Dissociated neurons were plated on confluent monolayers
of either control CHO cells or CHO cell expressing ninjurin in 24-constructed in the lZAPII vector (Stratagene). The first was made
using poly(A)1 RNA isolated from normal sciatic nerve, whereas the well plates. Cultures were grown in a medium that consists of 90%
Eagle’s minimal essential medium (GIBCO), 10% FCS, 20 mg/mlother was made using equivalent amounts of poly(A)1 RNA isolated
from 16 hr, 3 days, and 7 days postaxotomy nerve segments (both each of fluoro-deoxyuridine and uridine, and 50 ng/ml mouse NGF
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